Reciprocal signaling between tumor cells and the stromal components of surrounding tumor microenvironment (TME) is the fundamental to the evolution and metastasis of solid tumors including hepatocellular carcinoma.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4]^ This complex dynamic network orchestrated mainly by cancer cells (CACs) and coherently activated stromal cells (SCs) such as fibroblasts or cancer-associated fibroblasts (CAFs), hepatic stellate cells (HSCs), endothelial cells (ECs; tumor-associated ECs), non-hepatic tumor infiltrating immune cells.^[@bib5]^ In addition to extracellular matrix (ECM) proteins, myriads of chemokines, cytokines and soluble growth factors are indispensible to the cross talk between CACs and TME.^[@bib6]^ Under normal physiological microenvironment, tissue integrity is maintained by intercellular adhesive interactions that control cellular proliferation, homeostasis and locomotion;^[@bib7]^ but in cancer, TME experiences drastic changes, which supports uncontrolled proliferation, resisting cell death, inducing angiogenesis, activating invasion and metastasis through the cross talk between CACs and SCs.^[@bib4]^

During HCC progression in response to paracrine signal from injured hepatocytes, normal fibroblasts or HSCs differentiate into myofibroblast-like cells,^[@bib8],\ [@bib9]^ which then secrete many mitogenic and motogenic factors such as hepatocyte growth factor (HGF), fibroblast growth factor (FGF), platelet derived growth factor (PDGF), transforming growth factor *β*1 (TGF*β*1), matrix metalloproteinases (MMPs) and ECM to create a complex milieu in TME, whereas CACs exude TGF*β*1, PDGF, VEGF that activate other SCs.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13]^ Again, tumor-associated ECs stimulate HSCs to secrete VEGF and PDGF.^[@bib14]^ VEGF functions through membrane-bound receptor tyrosine kinases VEGFR1/FLT1 and VEGFR2/KDR/Flk1 for the activation of kinase-dependent signaling cascades required for angiogenesis or blood vessel formation^[@bib15],\ [@bib16]^ through which CACs survive and also disseminate into circulation and extravasate to distal tissue or organs. However, the functional implication of this complex cross communications among CACs, HSCs, ECs and ECM remodeling, which is an important area of potential systematic drug development for the management of HCC, has not been explored explicitly.

MicroRNAs (miRNAs) are small endogenous noncoding RNA molecules with high post-transcriptional regulatory activity emerging as important driver in several aspects of tumor pathogenesis^[@bib17],\ [@bib18],\ [@bib19]^ and also in different complex interactions in TME.^[@bib20],\ [@bib21]^ Recent evidences suggested that coordinated control of many genes by single miRNA is an ingenious mechanism to control disease pathogenesis.^[@bib22]^ One such tumor suppressor miRNA is miR-199a-3p, which is silenced in many cancers such as ovarian, colorectal, renal, endometrial and HCC.^[@bib23],\ [@bib24],\ [@bib25],\ [@bib26],\ [@bib27],\ [@bib28]^ Reduced expression of miR-199a-3p is anticipated with the overexpression of HGF receptor cMET,^[@bib25]^ the cell surface adhesion molecule CD44^[@bib26]^ and mTOR of AKT/mTOR signaling pathway.^[@bib27]^ In addition, we have observed in this study that restoration of miR-199a-3p restricted tumor growth and extrahepatic metastasis in mice and angiogenesis, migration and invasion of cancer cells by downregulating five new components from TME of HCC and thus abrogated cross talk between HSCs--CACs and CACs--ECs implicating high therapeutic potential of this miRNA for the management of HCC.

Results
=======

miR-199a-3p is downregulated in HCC tissues
-------------------------------------------

The relative abundance of the mature miR-199a-3p in Indian HCC patients (*n*=6) was determined and compared with that of either adjacent non-tumor tissue or control liver tissue (*n*=5; [Figures 1a and b](#fig1){ref-type="fig"}). In accordance to the previous reports, a significant downregulation of this miRNA was observed in HCC tissues. In addition, its level was found significantly low in the HCC cell lines such as HepG2 and SNU449 compared with that of the average of five control liver tissues ([Figure 1c](#fig1){ref-type="fig"}).

*In vivo* restoration of miR-199a-3p shows anti-tumorigenic activity associated with reduced angiogenesis
---------------------------------------------------------------------------------------------------------

To examine the anti-tumorigenic role of miR-199a-3p, premiR-199a-3p overexpressing SNU449 cells ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}) were injected subcutaneously (s.c.) into the right flank of NOD/SCID mice. Tumor volume was measured twice a week upto 4 weeks. At the end of the experiments, the mice were killed; tumors were excised, weighed and photographed. Tumor growth was suppressed in the presence of miR-199a-3p as compared with vector control ([Figures 1d and e](#fig1){ref-type="fig"}). As the prognosis of HCC patients with extrahepatic metastasis remains poor and pulmonary metastasis is the chief site of spread, premiR-199a-3p overexpressing SNU449 cells were also injected through the lateral tail vein of female NOD/SCID mice, killed after 4 weeks of injection and metastatic colonies were counted in the lung section. The size and number of colonies in the lung was significantly low in these mice compared with vector cells injected mice as observed in the hematoxylin- and eosin-stained lung section ([Figures 1f and g](#fig1){ref-type="fig"}).

miR-199a-3p inhibits tumor angiogenesis and migration by attenuating cross talk between CACs and ECs
----------------------------------------------------------------------------------------------------

Angiogenesis is indispensible for cancer cell growth, migration, invasion and metastasis. VEGF--VEGFR signaling is the key EC specific signaling pathway required for angiogenesis and tumor vasculogenesis. To elucidate the effect of miR-199a-3p on HCC angiogenesis, *in vitro* endothelial recruitment and tube-formation assays were performed. HepG2, SNU449 and HUVEC cell lines were used to describe the paradigm of cross talk between transformed hepatocyte and ECs, respectively. In endothelial recruitment assay, HUVEC cells were transfected with either premiR-199a-3p plasmid or control vector and seeded on upper compartment of Boyden chamber and co-cultured with HCC cells (HepG2 and SNU449 independently) grown in the lower compartment. After 24 h, a significant reduction was noticed in the ability of migration of ECs to the lower surface of the membrane. Similarly, lower number of ECs was migrated on restoration of miR-199a-3p expression within HCC cells in co-culture condition ([Figures 2a and b](#fig2){ref-type="fig"}).

Again, compared with control vector-transfected HUVEC cells, significantly small number of capillary-like structures were developed on the matrigel on restoration of miR-199a-3p in HUVEC cells cultured in the presence of CM from two different HCC cell lines HepG2 (29%) and SNU449 (31%) separately as measured by the number of new cellular branches protruding from ECs ([Figure 2c](#fig2){ref-type="fig"}). Similarly, tube formation was reduced dramatically in HUVECs that were grown in the presence of CM from premiR-199a-3p-transfected HepG2 (57%) or SNU449 (48%) cells than control vector ([Figure 2d](#fig2){ref-type="fig"}). Thus miR-199a-3p inhibits invasion, migration and angiogenesis by reducing genes on both CACs and ECs and hence disrupts communication between them.

miR-199a-3p inhibits angiogenesis by directly reducing VEGF secretion from CACs and suppressing expression of its receptors VEGFR1 and VEGFR2 on ECs
----------------------------------------------------------------------------------------------------------------------------------------------------

To understand the molecular mechanism of inhibition of angiogenesis, we used a systemic approach to identify molecular targets of miR-199a-3p. Using two different target prediction algorithms such as miRanda (microrna.org) and targetscan (targetscan.org), we found the complementary sequences of miR-199a-3p in the 3′-UTR of four important genes of angiogenesis VEGFA, VEGFR1, VEGFR2 and ANGPT1 ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). Therefore, we have selected these genes for further validation by *in vitro* experiments. Dual reporter luciferase assay revealed that the co-transfection of premiR-199a-3p and 3′-UTR construct of each gene significantly reduced the luciferase activities of VEGFA (30%), VEGFR1 (39%), VEGFR2 (24%) and ANGPT1 (39% [Figure 3a](#fig3){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). VEGF--VEGFR signaling genes were further validated with miRNA binding-site mutants of miR-199a-3p ([Figure 3a](#fig3){ref-type="fig"}). Ectopic expression of mature miR-199a-3p at different time points was confirmed after transfecting the premiR-199a-3p plasmid in HepG2 cells by qRT-PCR ([Figure 3b](#fig3){ref-type="fig"}). Then the mRNA expression of VEGFA, VEGFR1 and VEGFR2 in HCC (HepG2 and SNU449) and HUVEC cell lines were determined to confirm the origin of expression of each protein ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The gain of function analysis of mir-199a-3p in respective cell lines had further confirmed that this miRNA diminished the expression of intracellular VEGFA in SNU449 and VEGFR2 in HUVEC as observed by western blot analysis ([Figure 3c](#fig3){ref-type="fig"}). Extracellular VEGFA level in the media of HCC cell line was also reduced in the presence of miR-199a-3p and it was reverted back to the normal level when treated with anti-miR-199a-3p as observed by ELISA ([Figure 3d](#fig3){ref-type="fig"}). High level of VEGFA was also noted in the serum of HCC patients with venous invasion (*n*=7) compared with healthy volunteers (*n*=8) ([Figure 3e](#fig3){ref-type="fig"}).

Furthermore, a dramatically reduced level of angiogenesis was noted either on overexpression of miR-199a-3p in ECs in the presence of recombinant VEGFA or addition of anti-VEGFA antibody-treated CM of SNU449 on HUVEC ([Figure 3f](#fig3){ref-type="fig"}) implicating that miR-199a-3p attenuated expression of VEGFR2 on ECs.

Thus these findings suggest that miR-199a-3p may repress migration and angiogenesis of ECs by inhibiting the secretion of VEGFA from HCC cells and subsequently abrogating the pro-angiogenic signaling pathway by targeting VEGFR2 on ECs.

miR-199a-3p also blocks downstream signaling pathways in ECs
------------------------------------------------------------

VEGFA secreted from CACs binds to VEGFR2 on ECs, phosphorylates and activates VEGFR2, which subsequently phosphorylates downstream extracellular signal-regulated kinase (ERK1/2) to promote angiogenesis. Compared with control vector, miR-199a-3p-transfected HUVEC cells incubated with recombinant VEGFA displayed relatively lower levels of both VEGFR2 and phosphorylated ERK1/2 ([Figure 3g](#fig3){ref-type="fig"}). Thus restoration of miR-199a-3p in ECs might suppress neoangiogenesis by inhibiting downstream angiogenic signaling pathways.

Hepatocyte-stellate cells cross talk inhibited by miR-199a-3p attenuating invasion and metastasis of CACs
---------------------------------------------------------------------------------------------------------

To elucidate the role of miR-199a-3p in HCC metastasis, the effect of this miRNA on migration and invasion ability of CACs were investigated. Co-culturing of HCC cell lines (SNU449 and HepG2 separately) in the upper compartment of Boyden chamber with human stellate cells (LX2) in lower chamber revealed a dramatically higher level of migration of HCC cells compared with mock media ([Figure 4a](#fig4){ref-type="fig"}). In contrast, migration of CACs (SNU449) was drastically reduced on restoration of miR-199a-3p in LX2 cells (71%) compared with vector (100%) in the similar assay ([Figure 4b](#fig4){ref-type="fig"}).

Again, the invasion ability of HCC cells (SNU449) through matrigel was also declined significantly on incubation with CM of miR-199a-3p-transfected LX2 cells (60%) compared with vector (100% [Figure 4c](#fig4){ref-type="fig"}). These evidences strongly suggested that miR-199a-3p represses the cross talk between HSCs and CACs and thus inhibits invasion and migration of CACs.

miR-199a-3p exerts its effect by negatively regulating HGF signaling
--------------------------------------------------------------------

To understand the molecular mechanism by which miR-199a-3p inhibited tumor metastasis, one of the most attractive metastatic genes, hepatocyte growth factor (HGF) identified in bioinformatics analysis as its\' target ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}) was validated *in vitro*. Luciferase reporter assay with full-length 3′-UTR construct consisting of three miR-199a-3p binding sites revealed that the co-transfection of miR-199a-3p significantly reduced the luciferase activity to 45%, which was recovered to 83% with single miRNA binding-site mutant construct where two other binding sites were unaltered. Immunoblotting and confocal microscopy analysis in the presence or absence of miR-199a-3p consistently depicted that this miRNA directly regulated the expression of HGF ([Figures 5a, b](#fig5){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Inhibition of the intracellular protein expression of HGF by miR-199a-3p also reduced the secretion of HGF in the culture media of LX2 cells as confirmed by ELISA ([Figure 5c](#fig5){ref-type="fig"}). Moreover, blockage of HGF expression by shRNA mimics the effect of miR-199a-3p whereas overexpression of HGF was considered as positive control in western blot, confocal analysis and ELISA ([Figures 5a, b](#fig5){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The level of HGF was quantified significantly high in the serum of HCC patients as determined by ELISA ([Figure 5d](#fig5){ref-type="fig"}).

HGF originated from mesenchymal cells acts as a paracrine effector molecule for hepatocytes that express the receptor tyrosine kinase MET. Both gain or loss of migration and invasion ability of HCC cells in the presence of either HGF-overexpressed CM or HGF-depleted CM of LX2 confirmed that HGF is the metastatic signaling molecule in the cross talk between HSC and CACs ([Figures 5e and f](#fig5){ref-type="fig"}). In 2010, Fornari *et al.*^[@bib28]^ had shown that miR-199a-3p inhibits HGF/cMET signaling by targeting MET in HCC. Thus, reduced migration and invasion ability of HCC cells (SNU449) when co-cultured with premiR-199a-3p-transfected HSCs (LX2) revealed that miR-199a-3p could diminish both HGF and cMET and thus abrogate the generation of signal in HSCs and its transmission into CACs.

MMP2 signaling is also abrogated by miR-199a-3p
-----------------------------------------------

We further explored the molecular mechanisms of multifaceted role exerted by miR-199a-3p. Using bioinformatics analysis, MMP2 was also identified as a potential target of this miRNA ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). We also validated this target by *in vitro* assays as this gene is usually overexpressed in HCC and it is one of the crucial factors in metastasis and angiogenesis.^[@bib29]^ Dual reporter luciferase assay with 3′-UTR construct showed that overexpression of miR-199a-3p significantly reduced the luciferase activity ([Figure 6a](#fig6){ref-type="fig"}). Gelatinolytic activity of MMP2 determined by gelatin zymography with CACs (SNU449 and HepG2) and HSCs extract revealed that MMP2 was secreted mostly by HSCs ([Figure 6b](#fig6){ref-type="fig"}). Moreover, the introduction of miR-199a-3p diminished the expression of MMP2 as observed in western blot analysis and its activity in gelatin zymography suggesting that miR-199a-3p exerts its effect by binding to the 3′-UTR of MMP2 gene ([Figures 6c and d](#fig6){ref-type="fig"}).

Collectively, our data signify that miR-199a-3p is a potent multifaceted tumor suppressor miRNA, which attenuates intercellular communications between HSCs--CACs and CACs--ECs, thereby inhibiting signal initiation, migration, metastasis and angiogenesis in HCC.

Discussion
==========

Complex dynamic interplay of malignant epithelial cells, multiple stromal cells and non-cellular components of surrounding TME are prerequisite for HCC onset and progression.^[@bib6]^ However, the underlying molecular mechanisms involved in this cross talk are poorly understood. Recent reports suggest that inflammation and activation of HSCs in a bidirectional cross talk between CACs and HSCs orchestrate a favorable microenvironment for the growth of HCC^[@bib6],\ [@bib7]^ and TGF*β* mediates cross talk between malignant hepatocyte and tumor-associated macrophages (TAM) through ECM remodeling and angiogenesis.^[@bib30]^ We further demonstrated here that a combined cross talk between CACs--ECs and CACs-activated HSCs through soluble mediators have indispensible role in HCC progression. In addition to the elucidation of the mechanism of HCC development, a single small noncoding multipotent tumor suppressor miRNA, miR-199a-3p, has been identified in this study using both *in vitro* and *in vivo* assays, which has robust potential to regulate multiple proteins involved in the intercellular signaling network executed during progression of liver diseases to HCC. *In vitro* co-culturing of each combination of cells such as CACs (HepG2 and SNU449)--ECs (HUVECs) and CACs--HSCs (LX2) as well as suppression of *in vivo* tumor growth and metastasis to lung in nude mice revealed that this miRNA regulated multiple aspects of HCC such as angiogenesis, invasion and metastasis by targeting three important pathways VEGF--VEGFR signaling, HGF--cMET signaling and ECM remodeling. Thus, by favorably modulating specific regulators of intercellular signaling pathways and components of TME, miR-199a-3p offers fascinating therapeutic potential for HCC.

HCC always develops in the background of fibrotic or inflamed tissue associated with distorted parenchyma, progressive capillarization and deposition of ECM, which create an intricate microenvironment. Therefore, a complex tumor--stromal interaction network persists from the very early stage of HCC development to provide a favorable environment to CACs to survive in the hypoxic condition, which requires angiogenesis to supply oxygen and nutrient. Recent evidences imply that miRNAs might be a new category of intercellular molecules that are emerging as of primary importance in controlling cross talk between CACs and components of TME.^[@bib22],\ [@bib31],\ [@bib32]^ Using a mouse xenograft model, miR-126 and miR-126\* have been identified as suppressor of sequential recruitment of mesenchymal stem cells and inflammatory monocytes to the tumor stroma to inhibit metastasis of breast cancer by targeting SDF1*α* in CACs.^[@bib31]^ Overexpression of miR-101 in HCC mice model reduces epithelial--mesenchymal transition (EMT) and angiogenesis by repressing EZH2, COX2, STMN1 and ROCK2^[@bib22]^ and miR-195 suppresses angiogenesis by reducing VEGF, VAV2 and CDC42.^[@bib32]^ The tumor suppressor miRNA, miR-199a-3p is downregulated in HCC liver tissues as observed in several studies and its decrement significantly correlates with poor prognosis and survival of the patients, whereas restoration of miR-199a-3p in HCC cell line leads to reduced invasiveness and enhanced doxorubicin sensitivity by abrogating mTOR, CD44, and cMET proto-oncogene.^[@bib27],\ [@bib28]^ Reduced level of this miRNA was also observed in HCC liver tissues included in this study and restoration of this miRNA in CACs, ECs and HSCs was found to disrupt intercellular cross talk involved in angiogenesis and metastasis.

Five new effector genes of this miRNA has been identified and validated in this study. All of these genes were components of TME of HCC, which are either soluble growth factors or their receptors on cancer cells or stromal cells entailed in the angiogenic and metastatic signaling pathways. Among these genes, miR-199a-3p downregulated mostly the pro-angiogenic factor VEGFA, which is secreted from CACs and its receptors VEGFR1, VEGFR2 located on ECs. Co-culturing of ECs with HCC cells pre-transfected with premiR-199a-3p significantly reduced the migration ability of ECs in transwell assay, whereas restoration of miR-199a-3p expression in ECs suppressed the tube-formation ability in the presence of VEGF growth factor. These findings suggested that miR-199a-3p inhibited VEGF secretion from CACs and also attenuated its receptor-mediated downstream signaling via VEGFR2. Although VEGF and VEGFRs have been considered as therapeutic targets for inhibiting angiogenesis,^[@bib33],\ [@bib34]^ now it is apparent that targeting a single factor might not be adequate for cancer therapy. VEGF in combination with another factor, which is overexpressed in HCC, angiopoitin 2 (ANGPT2) functions synergistically in vascular remodeling during angiogenesis,^[@bib35]^ whereas angiopoitin 1 (ANGPT1) is involved in the maturation and stabilization of newly formed blood vessels. In this study, ANGPT1 has been identified as a target of miR-199a-3p in bioinformatics analysis and 3′-UTR luciferase-reporter assay. But its synergistic effect on angiogenesis is not clear yet. Recently, Zhu *et al.*^[@bib36]^ have reported that miR-146a upregulates PDGFR*α*, located on ECs, through upregulation of BRCA1 and enhances HCC progression by increasing microvascular invasion that lead to high HCC recurrence and poor survival. Bioinformatics analysis and luciferase-reporter assay indicated that the receptor of PDGF, PDGFR*α*, located on HSCs and ECs was another important target of miR-199a-3p (data not shown). Thus miR-199a-3p targets VEGFR1, VEGFR2 and probably PDGFR*α* on ECs and soluble factor VEGFA and ANGPT1 secreted from CACs to inhibit angiogenesis.

Although angiogenesis is essential for tumor growth and metastasis, in order to initiate vascular branching, MMPs are required to breach ECM, which facilitates the release of ECM-bound growth factors (VEGFA, FGF etc.) and helps in the migration of ECs.^[@bib37]^ Overexpression of MMP2 has been observed in different cancers including HCC.^[@bib38]^ The 3′-UTR of MMP2 has one miR-199a-3p binding site, which was verified with luciferase assay, western blot and zymography in this study. Thus, the reduced level of migration of ECs either transfected with premiR-199a-3p or incubated with the CM of premiR-199a-3p-transfected HCC cells could be due to synergistic effect of both VEGFA and MMP2.

More than 80% of liver cancer develops in the background of fibrotic liver implicating the role of activated HSCs in the pathogenesis of HCC. Using a co-culture model with activated HSCs and HCC cell lines, this study demonstrated that the cross talk between HSCs and CACs has great impact on migration and invasion of HCC cells. Activated HSCs secrete a broad range of extracellular proteins including HGF, and aberrant HGF/cMET signaling has a critical role in bidirectional cross talk between HSCs and CACs, which promotes invasion, migration and angiogenesis in HCC.^[@bib39],\ [@bib40]^ An inverse relation in cMET and miR-199a-3p has been reported in HCC recently.^[@bib28]^ In our study, HGF was identified as a potent target of miR-199a-3p and co-culturing of HCC cells with premiR-199a-3p-transfected HSCs dramatically attenuated migration and invasion of HCC cells through matrigel by abrogating the cross talk between HSCs and CACs.

Recently the signaling cascades regulating the cross talk between HSCs--CACs and CACs--ECs have received much attention for drug target. Sorafenib is the only FDA-approved oral multi-tyrosine kinase receptor inhibitor of VEGFR2/3 and PDGFR recommended for the treatment of advanced HCC, which reduces growth of tumor by disrupting tumor--stromal interaction.^[@bib41]^ It also attenuates fibrosis by reducing proliferation of HSCs and ECM deposition.^[@bib42]^ However, Sorafenib has shown to prolong the median survival of HCC patients by only 3--4 months.^[@bib43],\ [@bib44]^ Thus miR-199a-3p investigated in this study, which attenuates multiple intercellular cross talks in HCC by abrogating several components of TME such as VEGFA, VEGFR1, VEGFR2, ANGPT1, MMP2, HGF, cMET, CD44 and PDGFR*α* might prove a valuable therapeutic molecule for HCC.

Given that TME has a pivotal role in HCC onset and progression, a promising anticancer therapeutic should simultaneously regulate multiple intercellular signaling pathways by aiming various components of it. Thus interfering appropriately with various routes of cross talk of CACs and stromal components of TME, mir-199a-3p has opened a new therapeutic avenue for the effective treatment of HCC patients. In addition, silencing of multiple signaling molecules of the liver microenvironment by this miRNA suggests that with improved understanding of the molecular mechanism of its function, this miRNA can also be used as therapeutic for management of early liver disease patients in the near future.

Materials and methods
=====================

Cell lines and culture conditions
---------------------------------

Human HCC cell line HepG2 and SNU449 were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) and RPMI1640 from Life Technologies (Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA), respectively. The Hepatic stellate cell line, LX2 was a kind gift from Professor Scott Friedman, Mount Sinai School of Medicine, USA and cultured in DMEM supplemented with 5% FBS. Endothelial cell line HUVEC was purchased from Life Technologies and maintained in HiEndoXL Endothelial Cell Expansion Medium (ECEM; HiMedia, Mumbai, India). HUVECs were used within three to five passages. miR-199a-3p and backbone vector overexpressing SNU449 cell lines were generated by G418 selection after transfecting SNU449 cells with premiR-199a-3p and vector plasmid, respectively. HepG2 cells were transfected using Lipofectamine 2000 (Life Technologies) and X-tremeGENE HP (Roche Diagnostics, Mannheim, Germany) was used for HUVEC, SNU449 and LX2 cells. In brief, 10^5^ of each cells were plated in 24-well Boyden chamber and transfected with 500 ng of each DNA following the manufacturer\'s instructions. If cells seeded on upper chamber were needed to transfect, we transfected separately and transferred to the transwell after 24--36 h. Authentication of cell lines was verified by short tandem repeat (STR) profiling.

Plasmids used
-------------

pBABE-puro HGF was a gift from Bob Weinberg (Addgene plasmid \#10901)^[@bib45]^ and HGF-shRNA (clone number: TRCN0000003306) plasmid was purchased from Sigma-Aldrich (St. Louis, MO, USA). The plasmid expressing premiR-199a-3p was cloned in Dr. Thomas D Schmittgen\'s laboratory. Human VEGF recombinant protein was purchased from Life Technologies. Phospho-thiorate modified perfect complementary oligo \[5′-TAACCAATGTGCAGACTACTGT-3′ modified in first two bases\] was used to inhibit miR-199a-3p.

Collection of liver tissues
---------------------------

HCC tumor and adjacent non-tumor tissues were obtained from patients who underwent orthotropic liver transplantation at the School of Digestive and Liver Diseases, Institute of Post Graduate Medical Education and Research (IPGME&R), Kolkata, India and the Center for Liver and Biliary Sciences, Indraprastha Apollo Hospital, New Delhi, India, with their prior written consent. Normal liver biopsies were collected from gall bladder carcinoma patients for routine evaluation of liver metastasis. The tissues were collected in RNA later (Ambion, Life Technologies, Carlsbad, CA, USA) and then preserved at −80 °C in a freezer. Ethics Committee of IPGME&R, Kolkata has approved the study.

*In vivo* tumorigenicity and metastasis assay
---------------------------------------------

All mice experiments were performed according to the Institutional Animal Care and Use Committee (IACUC) of the National Centre for Cell Science, Pune, India. miR-199a-3p or vector overexpressed SNU449 (1 × 10^6^) cells with matrigel (BD Biosciences, San Jose, CA, USA) at 1:1 dilution were injected subcutaneously into the right flank region of NOD/SCID mice (four mice in each group). The tumor volumes were measured twice a week using Vernier Caliper. After 4 weeks, the mice were killed and the tumor volumes were measured by using the formula *π*/6 ((*l* × *b*)^3/2^). For metastatic model, miR-199a-3p or vector overexpressed SNU449 (1 × 10^6^) cells were injected through lateral tail vein of NOD/SCID mice (four mice in each group), and after 4 weeks, the mice were killed and the number of nodules in the lung was counted and the lung tissue was stained with hematoxylin and eosin.

Luciferase reporter assay
-------------------------

Binding aptitude of miR-199a-3p to the target gene was determined by luciferase-reporter assay using 3′-UTR of VEGFA, HGF, VEGFR1, VEGFR2, ANGPT1 and MMP2 cloned in psiCHECK2 vector (Promega, Madison, WI, USA) and transfected in HepG2 cells. Luciferase activity was determined using Dual-Luciferase Reporter Assay kit (Promega) following the manufacturer\'s protocol.

Quantitative real-time PCR
--------------------------

Total RNA was isolated from different cell lines and liver tissues using TRIzol reagent following the manufacturer\'s instructions (Life Technologies). cDNA was synthesized using Superscript-III Reverse Transcriptase (Life Technologies) and quantified using SYBR Green PCR Master Mix (Roche Diagnostics) and gene-specific primers ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) in QuantStudio 7 Flex RealTime PCR system (Thermo Fisher Scientific, Waltham, MA, USA). MicroRNA was quantified using TaqMan miRNA Assay kit (Life Technologies). Data were normalized against 18 s rRNA or RNU6B.

Immunoblot analysis and ELISA
-----------------------------

Fifty micrograms of total cell lysate was separated on a 10% SDS-PAGE gel, transferred on PVDF membrane and blotted with antibodies. HGF, VEGFA, VEGFR2 and MMP2 antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). ERK1/2, phospho-ERK1/2 and *α*-Tubulin were from Cell Signaling and Sigma, respectively. HRP-conjugated goat anti-rabbit and goat anti-mouse secondary antibodies were used to identify the protein of interest. Each experiment was repeated at least two times. Secreted VEGFA and HGF was detected either in conditioned media (CM) of cultured cells or patient\'s sera using ELISA kits from Ray Biotech (Norcross, GA, USA).

Migration and invasion assay
----------------------------

*In vitro* migration assays were performed using Boyden chambers (BD Biosciences) with 8 *μ*m porous filters. LX2 cells were seeded in the lower and SNU449 cells in the upper compartment. After 24 h, migrated cells were counted from the lower surface of the membrane by staining with crystal violet. Average number of migrated cells from six different fields was presented in a bar diagram. For invasion assay, Matrigel basement membrane matrix coated transwell chambers (BD Biosciences) were used. SNU449 cells were seeded in the insert and cultured with CM of transfected LX2 cells diluted in 1:1 ratio with RPMI1640 media. Number of invaded cells in the lower chamber was determined as mentioned above.

Tube-formation assay
--------------------

HUVEC cells were transfected with premiR-199a-3p plasmid or vector. After 48 h, the cells were transferred on growth factor-reduced matrigel (Geltrex, Life Technologies)-coated 96-well culture plates and cultured for 8 h with either 20 ng/ml recombinant VEGF supplemented in ECEM or CM collected from different liver cell lines diluted with ECEM in 1:1 ratio. Photographs of cellular network formation were taken in a light microscope (EVOS, Life Technologies) and number of branches of the capillary network was counted to estimate *in vitro* angiogenesis. Mean of network branches of five visual fields were represented in bar diagram.

Statistical analysis
--------------------

Statistical analysis was performed in Microsoft EXCEL or GraphPad Prism software. All the data were presented as mean±standard deviation. Two tailed *t*-test and Mann--Whitney rank-sum test were used for data with normal and non-normal distribution, respectively.
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![Anti-tumorigenic role of miR-199a-3p. miR-199a-3p expression was compared between (**a**) HCC tumor and normal liver (NL) tissues, (**b**) HCC tumor and adjacent non-tumor tissues and (**c**) HCC cell lines and normal liver (NL). (**d**) Tumor volume at different time points and (**e**) tumor weight of subcutaneous HCC in either vector or miR-199a-3p overexpressed cell line injected NOD/SCID mice. (**f**) Size and number of the nodule formed in the lung after 4 weeks of injection of either vector or miR-199a-3p overexpressed cell line through tail vein in NOD/SCID mice. (**g**) Hematoxylin and eosin staining of the lung section. Area enclosed by dotted line indicates metastatic growth. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.005 respectively](cddis2017123f1){#fig1}

![miR-199a-3p inhibits migration and angiogenesis in ECs by regulating cross talk between CACs and ECs. Endothelial cell recruitment assay in Boyden chamber: HUVEC cells were co-cultured with HepG2 and SNU449 separately. premiR-199a-3p and control vector plasmids were transfected either in (**a**) HUVEC or (**b**) in HCC cell lines. Bar diagram represented percentage of migrated cells though 8*μ*m filter. *In vitro* tube formation in ECs was performed after similar transfection in either (**c**) HUVEC or (**d**) HCC cell lines. HUVECs were cultured on matrigel-coated plate with CM of cancer cell lines. Bars represented percentage of cellular branches. All the experiments were repeated three times. \**P*\<0.05 and \*\**P*\<0.01, respectively](cddis2017123f2){#fig2}

![VEGFA in cancer cells and VEGFR1 and VEGFR2 on endothelial cells are suppressed by miR-199a-3p. (**a**) Luciferase-reporter assay with VEGFR2 were determined separately in premiR-199a-3p-transfected wild-type and miR-199a-3p binding-site mutant 3′-UTRs of VEGFA, VEGFR1, HepG2 cells. (**b**) Ectopic expression of miR-199a-3p was confirmed at different time points. (**c**) Protein expression of VEGFA and VEGFR2 in SNU449 and HUVEC cells, respectively. By ELISA, secreted VEGFA was determined in (**d**) culture media of control vector, premiR-199a-3p and premiR-199a-3p with anti-miR-199a-3p-transfected SNU449 cells and (**e**) serum of healthy volunteer (*n*=8) and HCC patients (*n*=7). (**f**) Tube-formation assay was performed with premiR-199a-3p or vector-transfected HUVECs in the presence of 20 ng/ml of recombinant VEGFA and anti-VEGF antibody or control IgG-treated CM of SNU449. (**g**) VEGFR2, ERK1/2 and phospho-ERK1/2 levels were determined in transfected HUVEC cells cultured in the presence of 20 ng/ml of recombinant VEGFA. *α*-Tubulin was used as loading control in western blot. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.005](cddis2017123f3){#fig3}

![miR-199a-3p inhibits migration and invasion of cancer cells by regulating the cross talk between cancer cells (HepG2 or SNU449) and hepatic stellate cells (LX2). (**a**) Migrated cancer cells in transwell plate upon co-culturing with either LX2 cells or mock media. LX2 cells were transfected with vector and premiR-199a-3p, and SNU449 cells were either (**b**) co-cultured with transfected LX2 or (**c**) grown on matrigel pre-coated plate with CM of transfected LX2 cells. Average number of SNU449 cells migrated and invaded was counted. \**P*\<0.05 and \*\**P*\<0.01](cddis2017123f4){#fig4}

![miR-199a-3p reduces secretion of HGF from LX2 cell line to inhibit its paracrine effect on cancer cells. (**a**) 3′-UTR-reporter-luciferase assay of HGF in HepG2 cells transfected with vector and premiR-199a-3p. LX2 cells were transfected with vector, pBABE-puro HGF, HGF-shRNA and premiR-199a-3p. Intracellular HGF expression was determined by (**b**) western blot and secreted HGF by ELISA in (**c**) cell culture media and (**d**) serum of HCC patients. (**e**) Migration and (**f**) invasion ability of SNU449 cells in the presence or absence of HGF secretion from LX2 was determined. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.005](cddis2017123f5){#fig5}

![miR-199a-3p regulates extracellular matrix remodeling by targeting MMP2. (**a**) 3′-UTR-reporter-luciferase assay of MMP2 in HepG2 cells co-transfected with control vector and premiR-199a-3p. (**b**) MMP2 activity was determined by gelatin zymography in LX2, SNU449 and HepG2. (**c**) Western blot and (**d**) gelatin zymography of LX2 cells either transfected with premiR-199a-3p or control vector. \*\**P*\<0.01](cddis2017123f6){#fig6}
